The impact of high-frequency winds on the generation and propagation of inertial currents in the Palamós submarine canyon (northwestern Mediterranean) during a severe storm on 9-16 November 2001 is evaluated in an ocean circulation model. Moored current meter time series collected in and around the canyon during the storm are assimilated with an ensemble adjustment Kalman filter (EAKF) to adjust wind forcing through a simultaneous state and parameter estimation approach. Winds are included as time-dependent parameters, which are updated in each assimilation step as part of the model state. A simulation forced by the estimated wind significantly improves simulation with winds from the atmospheric reanalysis (the RMS error reduction is about 50%). This is due to the higher energy for the estimated wind at inertial period in the clockwise rotating component, which enhances generation of nearinertial motions. The surface inertial energy however does not decay as rapidly compared to a simulation with data assimilation. It is suggested that the submesoscales, which are present in the data assimilated simulation, are effective in channeling a spatially heterogeneous vertical propagation of near-inertial motions.
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Introduction
Near-inertial motion and internal tides are believed to be efficient energy sources for small-scale mixing in the deep ocean, needed to maintain the meridional overturning circulation (Alford, 2003; Munk and Wunsch, 1998) . Near-inertial energy is generated in the upper ocean in response to variable wind stress (Gill, 1984) . The propagation of near-inertial waves depends on their horizontal scales. Several processes can contribute to reduce the initially large horizontal scales (because of the presumed wind scales) and thus to transfer the near-inertial energy from the upper ocean downward. For example, fronts and mesoscale eddies favor the vertical propagation of near-inertial energy from 4 of the Gulf of Lions and Catalan Sea in the northwestern Mediterranean (Jordi et al., 2005b ). They used current meter data to demonstrate that near-inertial waves generated by the storm over the shelf and inside the canyon have significantly different characteristics from those in the open ocean. Based on model simulations, these differences were shown to be caused by the vorticity associated with the presence of a storm-generated alongshore jet. On the onshore side of the jet (inside the canyon), free near-inertial motions are rapidly carried away by normal inertial waves and dissipated by wave reflection off canyon walls. On the offshore side of the jet (outside the canyon), free near-inertial motions propagate first downward as anomalously low frequency internal waves and are then advected southward and offshore by the mean flow. Although the numerical model reproduced quite well the behavior of observed near-inertial motions, model underestimated the amplitude of near-inertial motions.
The objective of this study is to evaluate the impact of high-frequency/small-scale wind field previously not considered in Jordi and Wang (2008) . The ocean circulation model and its configuration are the same as before. As there were no direct measurements of high-frequency wind variability during the storm, an ensemble Kalman filter (EnKF) is implemented to adjust the wind stress through the simultaneous state and parameter estimation approach. We treat the uncertainties of wind stress as parameters, i.e. as a part of the unknown model states, within the numerical model. In other words, we try to use current meter observations to constrain the forcing field. The EnKF is a widely used data assimilation method based on the integration of an ensemble of model states forward in time according to the model dynamics to predict error statistics needed for the assimilation (Evensen, 1994) . The simultaneous state and parameter estimation approach combines standard model prognostic variables (regular model states) with parameters in an augmented state vector continuously updated through data assimilation 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 5 (Evensen, 2009; Lermusiaux and Robinson, 1999) . Previous applications include estimation of boundary conditions, atmospheric forcing, and physical and biological parameters (Cossarini et al., 2009; Jordi and Wang, 2013; Lermusiaux, 1999) .
Data and Methods

Numerical model
The model used in this study is a parallel version of the Princeton Ocean Model (POM), which is a terrain-following, free surface, primitive equation ocean circulation model (Blumberg and Mellor, 1987; Jordi and Wang, 2012) . The model configuration is exactly the same as used in Jordi and Wang (2008) , with the exception of wind forcing (see below). The model domain covers the Palamós canyon and adjacent areas in the western Mediterranean Sea, although the real topography is restricted to the area close to the canyon (Fig. 1) . The maximum horizontal grid resolution is 1 km over the canyon head, with coarser resolution toward the offshore and alongshore boundaries. The vertical grid has 81 non-uniform sigma-levels concentrated toward the surface. The bathymetry is slightly smoothed to reduce the effect of pressure gradient errors to a tolerable level, and small-scale features are not fully resolved. (Gan and Allen, 2005) . On the offshore (eastern) boundary, a radiation condition is used for velocities, and an advective condition is used for temperature and salinity with the inflows set equal to the initial temperature and salinity.
Atmospheric forcing consists of wind stress and heat and fresh water fluxes provided at hourly interval by the Mediterranean hindcast of dynamic processes of the ocean and coastal areas of Europe (HIPOCAS) data set (Sotillo et al., 2005) . HIPOCAS is a dynamical downscaling from the NCEP/NCAR global reanalysis (Kalnay et al., 1996) at a resolution of 0.5º × 0.5º over the Mediterranean Sea. Although the improvement of HIPOCAS winds versus global reanalysis datasets is significant, particularly in the characterization of extreme winds (Sotillo et al., 2005) , the HIPOCAS wind lacks smallscale variability due to the coarser resolution. We therefore estimate new wind forcing fields through the simultaneous state and parameter estimation approach.
Simultaneous state and parameter estimation
In the EnKF approach, an ensemble of model states is integrated forward in time according to the model dynamics to predict error statistics needed for data assimilation and accordingly to correct the standard prognostic variables (Evensen, 1994) . The simultaneous state and parameter estimation combines the standard prognostic variables with parameters in an augmented state vector, which is continuously updated through data assimilation with the EnKF method. The method was used in Jordi and Wang (2013) in which the boundary conditions are treated as parameters to study circulations in the Palma Bay. Here, wind stress components are treated as parameters and the simultaneous state and parameter estimation corrects the model state and provides an estimate of the wind forcing components. The particular EnKF approach used in this   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 7 study is the ensemble adjustment Kalman filter (EAKF) (Anderson, 2001) . Basically, the EAKF processes each scalar observation sequentially, so that its operation can be 
Generation of ensemble members
The EAKF requires an ensemble of model states for initialization. We generate 32 ensemble members by setting randomly an alongshore (y-direction) barotropic flow at model initialization, taken from a uniform distribution ranged from -0.05 to 0.05 m s -1 .
In addition, the wind forcing is perturbed following Vandenbulcke et al. 
Model runs
Three runs are conducted to assess the effect of simultaneous state and parameter estimation. These runs include:
-BASE: The simulation is forced by the HIPOCAS wind forcing and does not include data assimilation. It is used as a benchmark.
-ASES: The BASE + EAKF performs a simultaneous assimilation and parameter estimation. The assimilation affects the augmented state vector, composed of the standard prognostic variables and wind forcing components (parameters 9 data assimilation produces a best estimate of the flow field. It also generates a new estimated wind forcing that is consistent with the observations.
-ESTIM: The simulation is the same as BASE except that it is forced by the estimated wind from the ASES run.
Data
Observational data consists of velocity time series collected inside and in the vicinity of the Palamós canyon (Fig. 1) . The main features of observed currents are described in detail by Palanques et al. (2005) . Here we assimilate 12 velocity time series, including two from an upward-looking acoustic Doppler current profiler (ADCP) and 10 from moored current meters (Table 1) The observational data and model outputs are used to compute daily mean currents and inertial rotary components (Brink, 1989; Qi et al., 1995) :
where u and v are the eastward and northward velocity components, f is the inertial frequency, t is the time, a is the sub-inertial component, Hemisphere. We also apply this decomposition to scalar fields (e.g., density) using only the real part of Eq. 6.
Results
Model assessment
In this 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11 level, the observed currents are weaker and variable in direction as the Northern Current is typically confined to the upper 300 m of the water column. The different model runs indicate the presence of an alongshore jet despite that the initial condition does not include a density front (temperature and salinity are horizontally uniform). However, in BASE, the sub-inertial currents are more than twice as large as the observed currents and the alongshore jet reaches the intermediate level.
In ESTIM, the sub-inertial currents are comparable to the observed currents, but the alongshore jet is less apparent.
ASES assimilates the same observations, and is virtually identical to the observed (see also metrics in Table 2 ).
The main interest in this study is on the inertial currents. The near-inertial (clockwise) currents at upper level for the BASE, ASES and ESTIM are compared with the observations in Fig. 3 . The vector length indicates the amplitude of near-inertial motion, vector direction is the relative phase, and dot is the vector origin. The observations show large near-inertial oscillations outside the canyon (M7-M8), and smaller and less coherent inertial currents inside the canyon (M3-M6). According to Jordi and Wang (2008) , this lack of coherence is caused by wave reflection off canyon walls. In the BASE run, the near-inertial motions are underestimated. In ASES, both magnitude and phase of near-inertial currents are essentially the same as the observations. In ESTIM, while the magnitude of near-inertial currents is comparable to the observations, there are differences in the relative phase.
At the intermediate level, the observed near-inertial currents are weaker than in the upper level, and again they are larger outside the canyon (M7-M8) than inside (Fig. 4) .
In BASE, there is little evidence for near-inertial motions, particularly outside the canyon. ASES again agrees quite well with the observations. ESTIM displays nearinertial oscillations that are generally larger, especially inside the canyon (M3-M6), and 12 out-of-phase with respect to the observations. The tendency that ESTIM has larger inertial currents than the observations is also evident at the upper level for M5-M8 (Fig.   3 ).
In the comparisons so far, the current meter data are not independent of the ASES and ESTIM runs. ASES assimilated the data and ESTIM used the estimated wind forcing from ASES. Therefore, we also compare the model runs with the ADCP data at M6 (Fig. 5 ). This is a more critical comparison, because ADCP data, except for the top and In Fig. 5 , it is obvious that ESTIM has larger vertical length scales than the observations. To quantify changes in the vertical structure, the vertical wavenumber spectrum for the eddy kinetic energy (EKE) is obtained from the observed and simulated ADCP data at M6. We calculate the EKE as (u' 2 + v' 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 the velocity anomaly components estimated from inertial signals using Eq. 6. Fig. 7 shows near-inertial EKE spectra. ASES is in excellent agreement with the observations, showing comparable spectral energy and shape. ESTIM contains more energy than the observation for the larger wavelengths, but its spectrum drops sharply for vertical wavelengths smaller than 100 m. For BASE, the energy level is substantially less compared to the observations. 
3.2.Wind stress characteristics
In the previous section, we demonstrated that ESTIM is better than BASE in terms of the RMS error and the complex correlation coefficient. Since the only difference between these two runs is the wind forcing, we analyze here their respective wind 14 fields. Winds evolve in accordance with the formation and evolution of a very deep cyclone over the western Mediterranean basin (Santos-Muñoz et al., 2006; Thomas et al., 2003) . In the Palamós canyon area, HIPOCAS winds (used in BASE) are towards the southeast during the cyclone formation (November 9) and rotate to the southwest during its development (November 10 and 11), reaching a first wind stress maximum of about 1.4 N m -2 (Fig. 8) . From November 11 to 13, the cyclone moves away to the east while local winds rotate to the southeast and relax. On November 14, the cyclone retreats back and winds in the Palamós canyon are again intensified up to 1.5 N m -2 and rotate to the southwest.
The estimated wind behaves similar to HIPOCAS wind with two wind maxima and comparable spatial patterns (Fig. 8) . However, the first wind maximum is less intense (1.0 N m -2 ), the second one is stronger (1.7 N m -2 ), and the spatial pattern is slightly more uniform. Another remarkable difference between BASE and ESTIM winds is the high-frequency oscillations in the estimated winds. The less intense first maximum in the estimated wind is responsible for the reduced southward sub-inertial flow in ESTIM compared to BASE (Fig. 2) . However, it does not seem likely that the reduced wind could be responsible for the larger inertial motion in ESTIM. It is well known that the clockwise rotation of the wind (in the Northern Hemisphere) at near-inertial frequencies is more effective for generation of inertial currents (Large and Crawford, 1995; Skyllingstad et al., 2000) . The most distinctive example regarding this effect of wind rotation is the asymmetry in the near-inertial motions between the two sides of hurricane tracks (D'Asaro et al., 1995; Teague et al., 2007) . Fig. 9 shows the spectral density for the clockwise rotation of the HIPOCAS and estimated winds. Whereas a significant peak at the inertial frequency is observed for the estimated wind, the peak is almost nonexistent for the HIPOCAS wind. 
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The parameter estimation through the EAKF introduces oscillations at the inertial frequency in the wind stress. To confirm that these wind oscillations are responsible for the increase of near-inertial motions in the ocean, we calculate the wind power input to near-inertial motions using τ i ·u i , where wind stress τ i and surface current u i are both near-inertial components estimated by filtering the time series at the inertial frequency.
The HIPOCAS wind power input into the near-inertial currents for BASE averaged in space and time is 1.28 mW m -2 . The negative sign indicates that wind works against near-inertial currents. In contrast, the estimated wind power input into the near-inertial currents for ESTIM is 0.41 mW m -2 .
3.3.Propagation of near-inertial motions
In this section, we analyze the differences on the generation and propagation of nearinertial motions between ESTIM and ASES. The storm generates large near-inertial motions as well as an alongshore jet (Figs. 2-5 ). In regions of negative background vorticity where near-inertial wave's intrinsic frequency can be less than the effective frequency of the surrounding ocean, surface near-inertial energy can be effectively channeled downward (Kunze, 1985) . Therefore, the background vorticity might play an important role in concentrating near-inertial motions in small-scale structures. On the other hand, it seems unlikely that the model could simulate the complex background vorticity field, due to the lack of initial temperature/salinity and velocity conditions. As the model deficiency could be partially compensated through data assimilation, ASES might produce a more realistic background vorticity field consistent with the observed structure of near-inertial motions. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 16 Fig. 10 shows the time evolution of near-inertial currents and sub-inertial vorticity and density fields at a cross-shore section located at the canyon axis for ESTIM. On November 11, as a consequence of the storm, an Ekman coastal downwelling flow deepens the isopycnals near the canyon head and forms an alongshore jet. This pattern persists until the second wind maximum when upwelling flow develops near the canyon head and the center of the alongshore jet (defined by the 28.2 isopycnal) moves progressively offshore. Development of upwelling and downwelling structures in the Palamós canyon as a consequence of the on-and offshore jet displacements was also found in a previous model study (Jordi et al., 2005b) .
Inside the canyon (onshore side of the jet), the near-inertial energy has a patchy nature.
The complex pattern of relative vorticity due to the interaction of the alongshore jet with the canyon topography would affect the propagation of near-inertial motion. Also, Jordi and Wang (2008) showed that most of near-inertial energy inside the canyon disappears in a few hours due to wave reflection with canyon topography. On the offshore side of the jet, near-inertial currents at surface rapidly move downward and are retained fairly uniform in the surface mixed layer. Normal near-inertial motions could not penetrate deeper because the vorticity is generally zero or positive (Kunze, 1985) .
However, small amplitude near-inertial motions are observed below the pycnocline. The downward transfer is associated with the presence of the sloping density jet, which allows anomalously free near-inertial waves propagate downward despite the counterclockwise rotation with depth (Mooers, 1975) . Once anomalously near-inertial waves have penetrated through the pycnocline, they are free to spread away horizontally (Wang, 1991) . The estimated exponential decay timescale of surface near-inertial energy after the second maximum is 19.3 days. 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   17 The vertical propagation of near-inertial currents and the associated sub-inertial vorticity and density fields for ASES are shown in Fig. 11 . Similar to ESTIM, the onset of storm deepens the isopycnal near the coast. However, the upwelling after the second wind maximum found in ESTIM does not occur in ASES. Also, the density and vorticity fields, especially in the open ocean, have much more small-scale variability than in ESTIM. Consequently, near-inertial motions in the mixed layer are less uniform in ASES than in ESTIM. The near-inertial motions penetrate below the pycnocline as anomalously near-inertial waves through the sloping density jet after the two wind maxima. Vertical propagation as normal inertial waves (upward phase and downward energy propagation) is also observed after the first wind maximum in the open ocean (x > 80 km) as the vorticity is mainly negative. The estimated exponential decay timescale after the second maximum is 9.9 days. Inside the canyon, the pattern of near-inertial motions is incoherent as in ESTIM.
Discussion
In ASES, the background vorticity field is marked by intense, small-scale variability.
The question to elucidate is whether submesoscales in ASES are generated by a real physical mechanism or are an artifact of the data assimilation. It is well known that instability and frontogenesis in the real ocean favor the development of submesoscale structure in the presence of horizontal density gradients (Mahadevan and Tandon, 2006; Mahadevan et al., 2010) . In fact, the general circulation in the area of the Palamós canyon is dominated by a shelf/slope density front (Font et al., 1998; Jordi et al., 2005a) . Meanders, filaments and eddies occur frequently associated with the shelf/slope density front (Flexas et al., 2002; Wang et al., 1988) .
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In previous submesoscale model studies, it is shown that very high model resolution (≤ 1 km) is required to produce realistic submesoscale (Capet et al., 2008; Wang and Jordi, 2011) . This is not practical in EnKF, which requires a large number of model ensembles. Moreover, we are primarily interested in the storm response, and therefore have restricted the duration of model simulation. Despite these model limitations, we try to test the role of submesoscales in the propagation of near-inertial motions by imposing submesoscale structures at model initialization. In this new run (SUBMS), pseudorandom (spatially coherent) fields with length scales smaller than 10 km are added to the initial temperature and salinity fields at surface, following Evensen (1994) .
The variances of the perturbations of temperature and salinity are 2ºC and 0.4 psu, respectively. These surface perturbations are projected to the water column decreasing with depth until the thermocline where the perturbations are set to zero. The geostrophic currents associated with the new temperature and salinity fields are calculated prior to the first time step. Besides this initially imposed submesoscales, SUBMS is identical to ESTIM. Fig. 12 shows time evolution of near-inertial currents and sub-inertial vorticity and density fields at a cross-shore section located at the canyon axis for SUBMS. There are small-scale structures; however they are larger than that in ASES and tend to disappear after the second wind maxima. This is somehow expected because the model resolution is too coarse. Nevertheless, the impact of these submesoscale structures on the nearinertial motions is significant. Compared to ESTIM, inertial currents above the thermocline are weaker and less spatially coherent for SUBMS. The vertical propagation through this imposed submesoscales produces a decrease of inertial energy in the surface mixed layer. The decay timescale of surface near-inertial motions for SUBMS is 10.4 days, which is comparable to the 9.9 days for ASES. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 19
Conclusions
This study highlights the role of high-frequency winds and submesoscales on the generation and propagation of inertial currents. It is well known that the wind rotation in concert with the near-inertial motions amplifies the near-inertial energy (D'Asaro et al., 1995; Large and Crawford, 1995) . However, the use of simultaneous state and parameter estimation through the EAKF to determine the optimal wind forcing is perhaps unique among all previous studies of the relationship between winds and nearinertial motions. Parameter estimation is thus a promising approach in dealing with the uncertainty of high frequency winds in ocean models. We note that the parameter estimation approach can be easily extended to other parameters such as open boundary conditions and bottom friction.
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